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Abstract. To investigate effects on polarimetric backscatter of sea ice grown
under diurnal cycling conditions, we carried out an experiment in January
1994 at the outdoor Geophysical Rescarch Facility in the Cold Regions Re-
scarch and Engincering Laboratory. The ice sheet grew from open sca wa-
ter to a thickness of 10 cin in 2.5 days, during which we took polarimetric
backscatter data with a C-band scattcrometer in conjunction with metcoro-
logical, sca ice characterization, and microwave emission measurcments. The
mitial ice growth in the late morning of 19 January 1994 was slow duc to
high insolation. As the air temperature dropped during the night, the growth
rate increased significantly. Air temperature changed drastically from about
- 12°C to - 36°C between day and night. The diurnal thermal eycle repeated
i the next day and the growth rate varied in the same manner. Ice tem-
perature profiles clearly show the diurnal cycling response in the ice sheet
with a lag of 2.5 hours behind the time of maximun short-wave mecident
solar radiation. Mcasured sca ice backscatter reveals substantial diurnal
variations up to 6 dBB with repeatable eycles in syne with the temperature
cycles and the amission modulations. A diurnal backscatter model based on
sca ice clectrodynamics and thermodynamics explains the diurnal signature
with good comparisons hetween theoretical and experimental results. This
work shows that diurnal cflects are imperative to inversion algorithms for
retrieving sca ice geophiysical parameter from remote sensing satellite SAR

and scatterometer data.
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1. Introduction

Leads containing thin ice in the perennial sea ice pack significantly contribute to the
heat transfer between the Arctic Ocean and the atinosphere. By triggering fog and clouds,
leads strongly disturb the net radiative transfer halauce [Rufficua et ol.,, 1995). lcads
impact the thermohaline structure of the upper Arctic Ocecan despite of their small arcal
coverage relative to other seca ice types. In active leads, salt released by rapid freczing
mixes downward by turbulence [MePhee and Stanton, 1996]. From the Leads Fxperiment
in March and April 1992 on the Arctic ice cap about 200 ki north of Prudhoce bay [LeadBx
Group, 1998}, Ruflicux ct al. [1995] found that the sun was cflective in reducing the surface
freezing rate of lead ice formation and in halting the convective mixing in the occan under
the leads. They concluded that downward short-wave radiation was responsible for driving,
the diurnal eycles [Rufficu el ol., 1995). From the same experiment, McPhee and Stanton
[1996) observed large downward occanic heat flux near solar noon in the diurnal eycle of
warming and cooling of the mixed layer.

With spaceborne infrared images under the cloud-free condition, Ikeda [1989) demon-
strated the diurnal effect on sea ice, which appears brighter in nighttime images than in
daytime images. Using airborne X-band Synthetic Aperture Radar (SAR) iimages, Barber
ot al. [1992] reported diurnal differences in 1111niti-year ice andin a rubble ficld seen at
two different times in the Canadian Arct ¢ Achipelago. These results, however, did not
imclude diurnal observations of thin sca ice in active leads. Morcover, the disadvamtage of
using, satellite data to investigate diurnal signature of sca ice in remote sensing data and

their relation to diurnal responses in sca ice physical propertics is sparse obscrvations in




time [Tkeda, 1989). Yet understanding the physical mechanisis responsible for observed
diurnal signatures is imperative to correctly interpret and retrieve geophysical parameters
from remote sensing data.

The objective of the present work is to investigate the diurnal signature in C-hand
polarimetric backscatter of thin sca ice in active leads. Furthermore, we study the link-
age between the diurnal backscatter signature and sca ice physical properties undergoing
cooling and warming cycles driven by insolation. An important implication of the resulls
in this paper is that diurnal cffects need to be considered in the retrieval of geophysical
paramecters such as sca ice thickness. The C-band polarimetrie results are of particular
mterest since many present and ncar future spaceborne SARs and scatterometers such
as FKRS-1, ERS-2, ENVISAT, RADARSAT, and RADARSAT-2 opcrate at C band with
different polarizations.

In this paper, we present observations on C-band polarimetric backscatter of sca
ice growing under diurnal cycling conditions. We conducted the experiment at the out-
door Geophysical Rescarch Facility (GRY) in the Cold Regions Rescarch and Engincering
Laboratory (CRREL) from 19 to 21 January 1994, during which the ice sheet grew to a
thickness of 10 cin. This thickness was in the same range of the diurnal study by Ruflicux
ct al. [71995] in LeadEx, which emphasized leads covered with thin ice during the first fow
days of their life cycles. The meteorological environment in the 1994 winter time of our
experiment at. CRREL was particularly suitable for the diurnal study since the air tem-
perature plunged down to the cold Arctie condition (- 36°C), the temperature changed
more than 20°C between day and night, and the mostly clear sky allowed good insola-

tion. We used the Jet Propulsion Laboratory (JP'1.) scatterometer to take polarimetric



data in conjunction with metcorological, sca ice characterization, and microwave cimission
measurcments.

The paper consists of four seetions. Section 2 discusses the experimental facility,
setup, and data collection. Section 3 presents the envirommental conditions, sca ice growth
process, and physical characteristies. Section 4 shows the observed diurnal signature in
sea 1ce backscatter, relates the signature to sea ice physical properties, and explains the
obscrvation with a diurnal backscatter model. Finally, Scetion 5 sumimarizes the main

conclusions of the paper.

2. Experimentation
2.1. Facility

The ice sheet grew in the G RY pool {filled with sca water. Thepool was 18.3-111
long, 7.62-lii wide, and 2.14-111 dcep as showninFigure 1. At one end of the pool was a
reservolr to hold exceess ice or snow clea nup from the pool surrounding. A gantry, with
two horizontal 1 beams about 4 1m above the surface of the icesheet, wasimovable onrails
along the pool. The gantry provided the support to mount the Jet Propulsion 1, aboratory
(IPL) polarimetric scatterometer. A tentat a corner of the poolhoused the scaticerometer
controller, computer, and opcrators. Several power sources were available in the tent and
he aters ket the tent warmed. At the other corner on the same side o f the pool (see
Figure 1), there was a small pummp house where the controlling computer for acquiring
temperature profiles of the ice sheet located. A cement walkway conmected the tent and

the pump house, where we setup a site for calibration targets.




For environmental conditions, CRREIL used a mecteorological station to mcasure
short-wave and long-wave radiation, air temperature, wind speed and direction at 4-1mn
Lecight, and other parameters [U. S. Army TECOM Hanover Mctcorological Team, 1994).
For sca ice characterization, CRREL had an indoor refrigerated room in the lee Kngincer-
ing Facility for preparing sca ice samples to study crystallographic structures. Gow and
Weck [1977) and Gow ct al. [1987)] described the technique using a histological microtome
to obtlain horizontal and vertical thin sections from samples for a three-dimensional view of
sca ice structure. Two thermistor strings emerged in sca water at the beginning of the sca
ice growth gave temperature profiles of sca ice and sea water as a function of time during
the experiment. The University of Washington (UW) had a radiometer suite [Grenfell and

Lohanick, 1985] to measure natural microwave cmissions from the ice sheet.

2.2. Experimental Setup

Figure 2 shows the scatterometer antenma with the positioner mounted on on the
ganiry 1 beams. The antenna was a dual polarization diagonal horn installed on a squarce
frame, which we rotated around a horizontal axis with a remote-controlled motor to set
the incident angle. In Figure 2, the antenna was at the position of normal incidence or
0°C incident angle. The entire antenma fixture was bolted on a ball bearing disk driven
with another remote controlled motor to change the azimuth angle. This setup allowed
the pointing of the antenna to any arbitrary incident and azimuth angles.

The insulated white box scen in the photo contains RY electronic components, which
arc constantly kept at the room temperature of 25°C throughout the experiment. Periodi-

cally, we checked the internal controlled temperature displayed through a small rectangular
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window scen on the front pancl of the RE box in Figure 2,. We achicved a very stable tem-
perature inside the RF hox using an electric fan and a heater controlled by an internal
temperature processor.  Tlie scatterometer computer and controllers together with the
network analyzer were inthe tent, from which we operated the scatterometer and took po-
larimetric backscatter data. The scatterometer was a step-frequency radar with the center
frequency of 5 GHz, a bandwidth of 1 GHz, and a beamwidth of 12°. Thescatterometer
systeimn, antenna characteristics, operation, sensitivity, calibration, anddata processor have
been presented elsewhere [Nghiem, 1998; Nghicm et al., 1996b)

For this experiment, we arranged calibration targets on a Styrofoam pedestal placed
on top of a cardboard box at the calibration site indicated in Figure 1. Thie calibration
targets were a trihedral corner reflector and a metallic sphere. We covered the front of the
box and the background of the calibration target with microwave absorber sheets to reduce
the noise. The coherent subtraction technique was applied to obtain excellent calibration
data. We regularly made clear sky measurcinents to determine system noises for removal
from calibration and sca ice measurements.

The CRREL meteorological station situated on an clevated terrain about 7.3 1
above and 183 m away from the GRF pond. We atso took scaice samples before cach
sct. of backscatter data acquisition to mcasure ice thickness, salinity, and structure. The
thermistor strings stood vertically in the GRI pool at a place in front of the pump h ouse
and away from scatterometer footprints for all incident and azimuth angles. To verify the
uniformity of temperatures, we used a hand-held digital thermometer to take air and ice
surface temypreratures at the other end of the pool.

The UW sensors included a 90- GHz radiomecter located ou the side of the pool across




from the scatterometer calibration site as illustrate m Figure 1. The radiometer was a
noisc-injection type with a bandwidth of 500 MHz and a field-of-view of 6° from a horn lens
antenna. This radiometer was suitl able for surface-based measurcinents of sca ice in Aretic
ficld conditions [ Grenfell and Lohanick, 1985]. The height of the radiometer antenna was

approximately 1.5 m above the su rface of the ice shecet.

2.3. Data Collection

For approximately cvery 1 cm of the ice growth, we took a sct of polarimetric
backscatter data. The range of incident angles was from 00 to 60° with an increment
of 5°. At every incident angle, we measured full scatterin g matrices for three independent
azimuth angles. Fach scattering matrix was a cohierent average of 20 samples with 401
frequency points over 1 GHz bandwidth., The data processing [Nghiem, 1993; Nghicm i
al., 1996b) included data decompression, system noise removal, windowing, Fourier trans-
forms, time gating, system transfer function cornputation, signal reconstru ction, ensemble
averaging, three-dimensional antenna pattern characterization, backscatter deconvolution,
polarimetric calibration, and radionetric calibration. Processed backscatter data consist
of o3, for horizontal polarization, o, , for vertical polarization, op, for cross-polarization,
and p for complex correlation between horizontal and vertical returns. Copolarized and
cross-polarized ficlds are not correlated due to the azimuthal syminctry of the ice sheet.

The meteorological station for environmental monitoring at CRREL had sensors for
alr temperature, radiation at short and long waves, wind speed, and wind direction. For
air temperature, Rotronies MP-100 Probe took data and averaged mecasurcments over 15

minutes with an accuracy of 0.1°C. The sensors for radiation were sl]olt,-wave (().3-3 jan)
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Qualimetries 3020 Starpyranometer and long-wave (3-50 pm) Eppley Pyrgecometer. The

wind monitor was RM Young 5103 for both wind speed and wind direction. The time

tag for all data was local Julian day for every 15 minutes. The CRREL Metcorological

‘Team reported further information on the sensors and data collection [U. S. Army TECOM
Hanover Metcorological Team, 1994).

We used two thermistor strings to monitor the vertical profile of temperature within

the ice sheet, as well as air temperature above the jee and water temperature bheneath

the ice. The strings consisted of YSI-44033 precision thermistors mounted i solid 3.2-cin-

diameter *VC rods. The spacing of the thermistors was every 0.5 e in the top 7 emn

below the air-ice interface, every em from 7 to 18 em and cvery & em from 18 to 48 cin. A
Campbell Scientific data logger recorded temperature profile data every 5 minutes. The
thermistors had an absolute aceuracy of 0.1°C and a sensitivily of approximately 0.03°C,

We took a set of radiometer and a sct of scatterometer measurements scparately in
time and repeated this procedure for every growth stage. This interlacing arrangement

between passive and active data acquisitions prevented interferences in microwave emission

to cuvironmental conditions was

results. The time response of the ice sheet characteristic
much slower compared to the time interval hetween the interlaced meas urciments. Hence,
sca lce propertics were similar hetween the radiometer and scatterometer observations for
the same growth stage.  3rightness temperatures of natural emission from the ice sheet
for both horizontal and vertical polarizations.considered i1 this paper were at 50° incident

angle. The brightness accuracy was 2 K with a sen itivity of 0.5 K.
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3. Sca Ice Growth
3.1, Environments

In midlatitude winter, the amplitude of solar radiation diurnal cycle is similar to
the Arctic condition in late winter to carly spring, such as the Lead¥x March- April time
[Rufficua ¢t al., 1995). The peak incident short-wave radiation is well above 400 Wen” 2 at,
solar noon. This strong insolation drives the diurnal thermal cycling which forces physical
changes in properties of sca ice. Figure 3a shows the incident radiation for both short
(0.3 to 3 jan) and long waves (3 to 50 pm) measured by the meteorological station from
19 to 20 January 1994. The short-wave peak occurred close to local noon time and the
amplitude was typically observed at the local midlatitude during winter. On the 21, some
cloud cover reduced the downward short-wave amplitude. The long-wave radiation was
between 200 to 300 W -m™? with afternoon peaks lagging the short-wave peaks. Note that
a small dip took place at noon on both 19 and 20 January; this midday cooling was also
observed in the long- wave radiation at the Leadlix Arctic field [Rufficus et ol., 1995].

The air temperature also lagged the incident short-wave radiation as scen 1 Figure
3h. Temperature measured by the station was close to the air temperature measured at
GRF pond. The delay in the temperature peak was approximately 2.5 hours from the
short-wave peak. Figure 3 indicates that the solar heating caused the steep slope in the
{emperature curve during noon time. As the sun went down, the temperature gradually
cool down into the night until the next morning. The important results shown in the
temperature plots is that the air temperature cooled down to - 36°C, which is similar to

the Arctie cold winter condition. In the winter of 1994, New Haimpshire suflered one of the
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coldest weather. Morcover, the temperature plunged more than 20°C from day to night
Arctic mcasurements in late winter also show a substantial heating during the day ane
cooling during the night [Rufficuz ¢t ol., 1995).

An important factor in the study of diurnal efleets is wind conditions. High winds
significant ly affect the surface heat convection and thus the ice growth [Adams et al., 1991].
It is necessary to have a persistent or low wind condition to avoid complicated variations
in the ice growth process. Over the duration of our experiment, the average wind speed
measured at the metcorological station was only 0.6 1n-s™ ! at 4.1 height above the station
ground level inadditionto 7.3 1 above the GRE pond. Since the GRYF pond was in
the middle of alow terrain surrounded by elevated il sides, buildings, and fences, wind
speeds at the experiment site were even lower or close to the dill air condition. These
cnvironmental conditions encountered during this experiment are particularly suitable to
study the diurnal backscatter signature of thin ice similar to the sca ice formation in Arctic

leads.

3.2. Growth I’'recess

Weinitiated thescaice growth fromopenseawater at about 10:00 amlocal time 01119
January 1994. The sca water had a salt mixture of mainly sodivum chloride (Na C1), magne-
siumn chlroride (MgCls), magnesium sulfate (MgSQO4), calciun sulfate (C aSQy), potassinim
sulfate (K2504), and calcium carbonate (Ca CO3). Table 1 lists the salt composition,
chemical representation, and mixing portion used in this experiment to obtain a salinity
of 30%00 , which is in the typical range of sci1 water salinity in the Arctic Ocean. This

mixture contains the same salt fractions as in typical sca water [Ne umann and Pierson,
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1966) excluding traces of potassiuin bromide (KBr), stroutium sulfate (Sr504), and boric
acid (H3BO3), which together account for only 0.1%00 compared to 30°%00in total salinity.

Figure 4a shows the temperature profiles measured in situ with the thermistor sys-
tem near the ice surface to a depth of 8.2 cm for every 2-cmn interval. The temperature
records started at the time of the initial ice growth. The air temperature measured by
the meteorological station is also replotted with the dots for reference. From these results,
the time constant of the interfacial and subsurface thermal response is about 2.5 hours
corresponding to the time lag between the temperature peaks and the maximun solar in-
put (compare Figure 4a and Figure 3a). A closer examination of the temperature extrema
indicates a slightly slower respounse deeper below the air-ice surface. At a depth closer to
the ice-water interface, the peak-to-peak variation in temperature in the ice layer became
smaller. These observations indicate that the insolation was driving the diurnal thermal
cycles.

Since sca ice growth rate depends on the temperature difference between air and
water [Adams et al., 1991], diurnal cooling and warming dircetly influences the ice growth.
Figure 4b presents the sca ice growth up to 10 cain in thickness during the 2.5 days of the
experiment. The result shows a clear slowdown in the ice growth corresponding to the
daytime warming of the ice sheet. In effect, the solar input tends to shut off’ the growth
and conscquently halts the salt rejection into the occan. A comparison of these results
and Arctic ficld observations [Rufficua ¢t al., 1995; McPhee and Stanton, 1996) shows that
the Arctic diurnal thermal responses also have definitive afternoon peak but with broader
time width due to longer Arctic insolation hours. In both cases, diurnal thermal clycling

cffeets are pronounced and have similar trends with large divrnal amplitudes.
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3.3. Physical Characteristics

At the time ot the initial growth, thesolar short-wave radiation was high (Figure
3a) al 1dthe growthrate was very slow (Figure4b). This slow growth produced a thin
incubation layer with vertical erystallographic ¢ axes and a yery low salinity. The formation
of theincubation layer had been observed in urca ice in laboratory conditions [ Gow, 198/]
and in natural sca ice i the Bay of Bothnia [Gow ct al., 1992]. This initial layer occupicd
the top few millimeters (~ 5 i) as scen in thie vertical thin secetions in figure 5. Below thie
incubation layer, ice crystals transitioned to ordinary colummnar sca ice with ¢ axes tilted
away from nadir and randomly oriented in azimuth. Comparing the top and the bottom
horizontal thin sections in Figure b, we observe the contrast hetween the granular nature
of ice inthe imcubation layer andthe dendritic polyerystalline structure of cohunmnar ice.

A slow growth rate resultsinmore effective brine rejection and consequently less
brine entrapment in scaice [ Weeks and Ackley, 1982; Nakawo and Sinka, 1981). Figure 6
presents salinity profiles of sca ice sammples at various growth stages with different thick-
nesses. The salinity profiles indicate that the near surface layer contained significantly
lower salinity in all cases. This is consistent. with the formation of the incubation layer at
a very low growth rate around solar noonon 19 J anuary. Note that the profiles do not
have the usual C shape possibly because of variationsin growth rate at diflerent warming
and cooling temperatures.

The desalination is apparent in the deercase of bulk salinity as the ice sheet aged and
thickened as shown inthe top panel of Figure 7. The linear fitting curve has an initial value

of 1+2,0°/00 anda negative slope of 0.458% 00 per cin. The internal salinity 10ss was primarily
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Loy downward irine {lux because the incubation layer hindered the upward brine expulsion
and migration. Bulk ice temperatures, obtained by integrating the ice temperature profiles
and normalizing over the thickness of the ice sheet, also show the diurnal eyeles with high
daytime values corresponding to thicknesses of about 0.5 cin, 5 em, and 10 cm as scen in
the middle pancl of Figure 7. Yor cach cycle, a quadra ic function fits the temperature
data and is plotted with the continuous curve,

The bottom panel of Figure 7 snows variations in brine volume versus ice thickness.
The data represent caleulations from thermodynamic phase equations by Cox and Wecks
[71989] based on mecasured or extrapolated salinity and temperature.  The brine volume
curve is from fitted salinity and temperature va lues. A combination of desalination and
diurnal effeets are both manifest in the brine volume over the 1 ()- emrange of t hick ness
with a general deercasing trend imposing on the thermal cycles. The diurnal cycles in the
brine volume are quite significant with a nighttime freeze- up of 50% liquid phasce and a
daytitne recovery of 50% brine volume observed in botl i eycles.

Brightness temperatures of the ice sheet for both horizontal and vertical polarizations,
Tpp and Ty 3y respectively, at 90 GHz and 50° incident angle show diurnal cycles as seen
in Figure 8. The cycles arc welldefined except for the first few millimeters of the ice
growth when the phase transition was inhomogencous and complicated. Note that the
daytime peak at the growth stage between b and 6 cin coincides w ith the ice temperature
peak in Figure 7 and with the surface temperature p cak replotted as a function of ice
thickness in Figure 9. This is because brightness temperatures are sensitive to the physical
temperature of thetarget. Thus, the radiometer observations aflirin the diurnal response of

theice sheet. We will use the scaice physical characteristies under thermal cycling effects
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presented above to calculate and to explain the observed diurnal backscatter signature.

4. Backscatter Signatures
4.1 Experimental Observations

The diurnal eycling signature is cvident in the C-band backscatter shown in Figure
9 for horizontal polarization. For refereiice, we present backscatter data together with
nicasurciients of scaice surface temperature. Surface temperature data acquired by the
digital thermometer were at the surface arca ncar the scatterometer gantry and thermistor
data were at the other end of the GR I pond. Thie temperatures were relatively homoge-
NCOUS OVEr the entire ice surface considering measurcment uncertainties. Backscatter data
forboth 25° and 30° incident angles clearly exhibit these characteristics: (a) backscatter
diurnal cycles arc substantial with variationsup to G d B, (b)backscatter andtemperature
cyclesaresynchronous and wellcorrelated, and () backscatter Cycles arc repeatable along
with diurnal thermal variations. Backscatter at other incident angles and polarizations
has a similar diurnal signature as shown later in Figure 13 inSection 4.4 for comparisons
between theoretical results and experimental data.

Surface salinity measurements do not support the occurrence of any event of brine
expulsion to the scaice surface. This agrees wit hthe existence of the incubation layer,
which served as a barrier preventing internal brine from surfacing. Thus, the 6- dB3 change
cannot be related to the surface brine expulsion. As observed in Figure 9, the backscatter
peakedat the growth stage of 5.4 amn close to the daytime ice temperature maximun.

Figure 9, however, indicates that the backscatter beca me less correlated with temperature
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when theice sheet grew thicker though the diurnal signature was still prevailing. Toward
the end of this experiment, more frost flowers appeared on the ice surface especially in
the arca corresponding to larger incident angles. The repeatability of backscatter cycles
suggests that the scat tering mechanism relat s to a reversibk process, which is responsive
{o the diurnal thermal cycling. In the following scctions, we will take into account thesc
experimental observations in relating the back scatter to physical characteri stics of sea ice

to explain the diurnal cycles in the scatterometer measurciments,

4.2 Seca lce Electromagnetics

This scetion discusses the relationship hetween sea ice clectromagnetic characteristies
and physical ice propertics undergoing diurnal warming and cooling cycles. First, clectro-
magnetic wave propagation, attenuation, reflection, and transmission depend on relat ive
permittivities of the constituents in the inhomogencous sca ice medium. For the ice back-
ground in the sca ice sheet, both real part [Vand et ol.,, 1978] and imaginary part [1%uri
¢t al., 1984] of the permittivity depend on ice temperature. The permittivity of brine
inclusions in the sca ice sheet is also a function of temperature especially for the real part
[Stogryn and Desargant, 1983]. Thus, diurnal thermal cycles cause corresponding cycles
in the eflective permittivity of seca ice, which is « mixture of the background ice and brine
inclusions.

Scattering from inhomogencitics such as Hrine inclusions explicitly relates to brine
volume [Nghicm et (d., 199 8;1995a- c]. As shownin Figure 7, the fractional volume of brine
imclusions follows the diurnal cycles with a slightly deercasing trend due to desalination.

Thereby, the cycles in brine volume contribute to corresponding diurnal cycling cffeets on
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bhackscatter. Moreover, warming and cooling of the scaice sheet give rise to enlargement
and shrinkage of brine pockets [Perovich and Gow, 1991], respectively by melting and
freezing of brine pocket walls to keep the phase distribution on the cutectic curve. I or
millimetric and submillimetric brine scatterers that are much s1naller than the wavelength
of 60 mmn at 5 GHz, the backscattering cross section in the Rayleigh regime varies with
thie sixth power of the scatterer size [Kong, 1986). Consequer wly, backscatter is higher
for larger brine pockets at warmer temperatures. However, cflects 011 hackscatter caused
by thermal diurnal cycling in permittivity, brine volume, and scatterer are competitive.
While increases in brine volume and pocket size at a higher temperature lead to backscatter
increase, cflective permittivity also incrcascs [Nghicm et al., 1996a] and so do attenuation
and reflectivity, which deercase the backscatter from the inhomogencous sca ice layer.
The roughness onthe al-ice interface also affects the backscatter dinrnal eyeles espe-
cially at small incident angles. For a given roughness, a higher permittivity in the surface
layer increascs the surface scattering from sca ice [Nghiem et al., 199fia] with a weak tem-
perature dependence. In fact, we observed some small scale roughness 011 the surface of the
ice sheet during the ice growth. There was nosignificant chiangein the rouglhmess as theice
aged because the surface was frozen solid without wind and wave actions, Thie appearance
of some more frost flowers toward the end of the experiment could incrcase the roughness.
However, this effect is not significant otherwise there should be a general inercasing trend
in the backscatter, which is not supported by the backscatter mecasurcinents.  For the
highly saline thin ice under consideration, the scattering contribution at C band from the
lower interface between ice and water is not innportant as proved experimentally [Nghiem:

¢t (I, 1996b).
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4.3 Diurnal Backscattier Model

The above clectromagnetic characteristies of scaice related t ot he physical propertices
undergoing diurnal thermal cycles are necessary in the development of a seaice scattering
modecl to explain the observation of diurnal backscatier variations.  The model needs
to account for the contributive and competitive effects of the scattering mechanisms as
discussed in the last section. We have developed sca ice models including scattering from
inhomogeneitics in the ice layer, composite roughnesses on medium interfaces, multiple
wave interactions with layer boundaries, and wave propaga tion and attenuation in complex
heterogencous media [Nghiem et d., 1993; 1 995a- c; 1996a]. These models encompass
physical, structural, thermodynamic, and clectrodynamic properties of sea ice. In this
scetion, we review the theory and present the application for a diurnal backscatter model
of sca ice

Figure 10 represents the scatiering configuration of the layered sca ice model. The
upper half space is air with permittivity €g. The sea ice layer contains ice with random
brine inclusions and has a rough surface at the air-ice interface and brine inclusions in
the ice layer. The bottom boundary between ice and water has little contribution in the
backscatter and is modceled as a planar interface. The lower half space is sca water with
permitlivity eo given by Kleinand Swift [1977]. The notations in this model for the media
arc suiscript O for air, 1 for scaice, and 2 for scawater.

For atargeted area Aat a distance r from the scatterometer, polarimetric backscat-

tering cocflicient oy, px is

. d7r? <]‘],,S ')::8>
Ouprps = lim - -

oo 4 E; ]’]:f:i
;
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where I is an clectrie field with its complex conjugate represented with an asterisk, the
angular bracket sdenotetheensembleavel” age, subscripts i, v, 7, and & arc & for horizontal
orv for vert ical polarization, and ¢ and s for incident and scattered fields, respectively.

For scatterers such as brine inclusions in the sca ice sheet, the ensemble average in

(1) is determined by

a?)ylz

ks 27
- _ - 1>}: _ ~
(Bs(r) - 1)) = ) k{}/ (h/’]f/ dgry pi(Pag, diy)
0 0

i,7,k,0,m

/ drq / dry C]{jklm (ry,77; Py, (/)]j)
Vi Vi

[(Goyij (,71)) (395 (71))]

(G 9) (P (7)) (2)
where kg is the free-space wave namber, py is the scatterer orientation distribution with
Fulerian angles iy and ¢yg, position 7y orif is in volume V1 of the sca ice sheet, (G)
is for the mean dyadic Green’s function, and <]"> is themean incident field. As scenin
the vertical thin section in Figure b and other ice samples, the ice crystals are tilted with
no preferential azimuthal direction. Thus, we desceribe the orientation distribution with
p1 = sintyp/(47) for random orientation

In (1), corrclation function Cy ¢ of the scat terer is [Nghiem et al., 19954]

C]{jklm(i’],i';}; '(/’]f’ ¢]f) : <§].7'k(i'l)§?:lm(-r?) ?/’lf(%])’ d)lf(i'] )>
- /C() AB TyjpmPre(B)e” ife(ry - 79) (3)

o<

where @4 is the normalized correlation function defined in the local coordinates (o, y', ')
as [Nghicm ¢t al., 1999]

Corlyr e

ee(Ky: -, , 4
6( ) 7(1(] ‘J; k,l,zl);/ ‘l k;zp:z; ’i k;z[j/)z ( )
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in which (4, {yr, and £,/ arc three different correlation lengths for an cllipsoidal scatterer
in the local coordinates (2, ', 2') related to (@, y, z) by Fulerian angles 115 and ¢1¢. The
variance 1'1 g, of permittivity fluctuations in the correlation {function relates to the brine
volume fraction in the sca ice sheet. The dependence of the brine voluine on diurnal eycles
governed by the thermodynamic phase equilibrium thereby contributes to the backscatter
diurnal variations.

While giving rise to the backscattering, brine inclusions also influence clectromag-
netic wave propagation and attenuation characterized with effective permittivity € o5 . For
sca ice with randomly oriented brine pockets, the eflective permittivity is isotropic and cx-
pressed as

1
Cleff = gt €0 [] - €wf<51>] 1t (5)

where <S] ) is the average of the polarizability of cllipsoidal brine inclusions [Nghiem el
al., 1995¢]. The term €5 4 in (5) represents the quasi-static cffect, which has the forin
of 1 *older-van Santen mixing formula and relates to permittivities of the constituentsin
sca 1ce. Thus, diurnal thermal effeets on permittivities of the ice background and brine
inclusions arc present even in the zeroth-order diclectric mixing. Filective scatterer & ¢y
accounts for scattering cffects on wave propagation and attenuation. The same form of
corrclation function shown above also characterizes €y¢17; thercfore, it directly varies with
the diurnal cycles in brine volume and scatterer sire.  This includes into the model the
competitive eflect in scattering mechanisims as discussed in Section 4.2.

For rough surface scatteringin layered media, we have developed and pr-esenited the
modcl [Nghiem ¢t al., 1995b). The surface scattering is a function of wave vector; thus | this

mechanism is less sensitive to the diurnal effect sinee the wave nunber depends only on
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the complex square root of the diurnally cycled permittivity. We have presented complete
and explicil mathematical expressions for the composite scattering including volume and
surface mechanisims and for effective permittivity of scaice elsewhere [Nghicm et al., 1993;

1995a-¢; 1996a).

4.4Data Comparisons

The model requires permittivities of ice background and brine inclusions in the in-
homogencous sca ice sheet. Fmpirical functions of these permittivities depending on tem-
perature are available in given references as discussed in Section 4.2, With mcasured
temperatures, these functions determine variations in the model input permittivities un-
der cflects of diurnal thermal cycles. Another important input is the brine volume, which
clearly shows the warming and cooling effects as scen in the bottomn panel in Figure 7.
For the rough surface, we use a height standard deviation of 0.65 mm and a correlation
length of 2.5 cn to model the frozen solid ice surface for all growth stages. In this case,
variations in the cflective permittivity of sca ice contribute to the diurnal signature in the
surface scattering.

For brine inclusions, the correlation lengths are (i = 0.05 1mmn and Ly = 04,0 /2= 1
mm. We obtain these paramecters by matching the backscatter data at the growth stage of
3-cm thickness. The change in brine volume at other growth stages then determines the
brine size and thus the correlation lengths with the same axial ratios for all cases. Witl
this approach, measured temperature and salinity govern all the model paramcters for all
growth stages without allowing any extrancous change in these parameters. Restrained

under the sea ice thermodynamics and clectrodynamics, backscatter calculated from the
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model nceds to reproduce and to explain the diurnal warming and cooling cycles exhibited
in thie backscatter signature measured by the scatterometer.

Figure 1 1 comparcs calculated and measured polarimetric backscatter as a function
of incident angles from 200 to 55° for the intermediate growth stage corresponding to 5.4-
cin thick ice. In general, backscattering cocflicients ox, and oy cornpare W], However ,
theorctical cross-polarized backscatter oy, IS lower than experimental data. This is because
more complicated structures in sca ice and higher order scattering are not considered in
the model. For the complex correlation cocflicient p, the model magnitude is slightly
higher than experimental data; and both calculated and measured phases are sinall for
most incident angles. At large incident angles such as 50° and 55°, mcasured magnitudes
of parcinuch lower and phascs of p are higherthanthe Calculated ones. On theice surface
at these incident angles, some frost flowers appeared at this growth stage, which are not
included in the model.

Polarization signatures, which are normalized backscatter o, at all polarizations in-
cluding lincar, circular, and clliptical waves [Nghicm ¢t al., 191)3], arc ploticd asa function
of orientation and cllipticity angles inFigure 12 for the 9.4- e thick ice at 400 incident an-
gle. The computed and measured polarization signatures have the same shape as observed
in Figure 12. Both polarization signatures peak in the middle where orientation angle a.
is 900 and cllipticity angle 3, isindicating that the vertic al lincar polarization gives
a maxinmun return above all possible polarization states. The pedestalinthe calculated
signature, however, is lower implyinga lower depolarizing cffect inthe theory as compared
to the meas ured results.

Forall stages of the sca ice sheet over the 2 diurnalthermal eycles, Figure 13 sllomTs
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comparisons of diurnal backscatter signatures hetween theory and experiment at incident
angles from 25°to 500 A Il incident angles have higher backscatter during the warn
daytime and lower during nighttime. While absolute backscatter is larger at the small
mcident angle of 25°, diurnal variations at this angle are smaller compared to variations at
larger incident angles. Overall, theoretical backscaticr follows the diurnal eycling trends
in experimental data. Calculations and data for copolarized backscatter opp, and oy, are
in good agreement. An exception is the high measured data at 35°-500 corresponding to
7.1-cmthick ice, which could be causal by effects fromthe side of the GRF poolin this
singular case when the antenna was turned too much in azimuth toward the cement edge
of the pool. Calculated cross-polarized returns are lower than measured data which have
large fluctuations and the diurnal cycles arce not well defined. In general, the model based
on physical properties of sea ice undergoing diurnal warming and cooling cycles captures

the diurnal eycling effects as observed in the measurements.

5. Summary

We successfully carried out an experiment at the Geophysical Research Facility in
the Cold Regions Rescarch and Fngineering Laboratory to study the signature of diurnal
thermal cycling in backscatter from thinsca ice. The ice sheet grew from open water
with a salt mixture similar to sca water to a thickness of 10 e in 2.5 days extending
over 2 diurnal cycles. During the ice growth, we took polarimetric backscatter with the
Jet Propulsion Laboratory polarimetric scatterometer at C band, together with sca ice

characterization and enviromnental paramecters.
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During this experiment in the winter of | 994, the temperature was similar to the cold
Arctic winter condition with the low down to - 36°C during nighttime and the daytime
highat only - 12°C;. The amplitude of midlatitude winter solar radiation was close to the
Arctic condition. Together with a calm atmosphere, these conditions were particularly
suit able for the study of diurnal signature in backscatter. Correlated with the insolation
cycles, icetemperature, brine volumne, growth rate, thickness, and ciission showed divrnal
cycles with a lag of approximately 2.5 hours from the sllor-wave radiation peak at solar
noon. The initial growth was about 2 hours before high noon and an incubation layer
containing low salinity formed the top layer of the seaice sheet preventing surface brine
expulsion,

Experimental measurciments reveal repeatable diurnal cycles in backscatter, which
arc synchronous and well correlated with the cycles in sca ice physical paramcters. The
backscatter diurnal variations was substantial with up to 6-dB changes hetween day and
night. We use a diurnal sea ice backscatter model based on thermal and clectromagnetic
propertics of scaice to calculate backscatter and to explain the diurnal eycling trend in
experimental observations. The comp osite model including both voluine and surface inter-
actions accounts for contributive as well as competitive effect s in the scattering mechanisms
duc to diurnal variations in physical paramncters of sca ice. Calculations for copolarized
backscatter compare well with data. Theorctical cross-polarized backscatter is lower than
measuren ients because the theory does not include complicated ice conditions such as frost
flowers and ignores higher order scattering. Since this work is for hackscatter a C band
and all polarizations, it is uscful for application to spaceborne radars such as ERSs, F, N-

VISAT, and RAD AR SATs. The import ant iimplica tion of the results inthis paper is that



the substantial diurnal variations in backscatter are imperative for inversion algorithims to
retrieve sca ice geophysical parameters from satellite SAR and scatterometer data. This
1s particularly relevant to sun synchronous satellites which acquires data along ascending

and descending orbit paths at diflerent times of the day.
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List of Figurcs

Figure 1  Experimental sctup at the Geophysical Rescarch Facility in the Cold Regions
Rescarch and Engincering Laboratory. (a) The upper panel is top view and

(b) the lower pancl is side view. This diagram is not drawn to scale.

Iigure 2 Photograph of the JPL C-band scatterometer antenna mounted on the posi-
tioner together with the RF box. The whole fixture was bolted 011 the double

1 beans above the GRF pool at CRREL.

Figure 3 Mecteorological conditions: (a) the top pancl shows short-wave radiation from
0.3 to 3 jun with the continuous curve and long-wave imcident radiation from
3 to 50 yun with the dotted curve and (b) the bottom panel is air temperature
measured at the meteorological station with the dotted curve and at the GRF

pond with the crosses.

Figurc 4 Diurnal response in temperature of the sca ice sheet growing under warming
and cooling cycles: (a) temperature profiles Of the scaice and sca water arc
represented by continuous curves and the dotied curves is alr temperature
at the meteorological station plot ted for reference; and (b) growth in sca ice

thickness over 2.5 days with 2 diurnal cycles.

Figure 5 Horizontal and vertical thinscctions Of seaice for several growth stages at
thicknesses of (@) 2.3 e, (b)4 .() e, and (¢} 8.() cm. The millimeter bay
und ¢ r the horizontal thin section of the 2.3- emice samnple represents thescale

for al horizontal thin scctions. The ruler with millimeter marking on the top
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right corner of the 8-cin vertical thin section is the scale for all vertical thin

scctions. The incubation layer is evident in approximately the top 5 min of all

vertical thin seetions,

Figure 6 Salinity profiles for scveral growth stages at thicknesses of 4, 5, 7, 9,and 11
g) ?) ) Y
cm. Near surfaccice layer haslow salinity inall cases indicating the incubation

layer.

Figure 7 Bulk propertics of theice sheet as functions Of thickness for al growth stages in
2 diurnal cycles: (a) the top pauncl is for bulk salinity, (I)themiddle panel for

average icctemperature, and (¢) the bottom panel for fractional brine volume.

Figurce 8 Brightness temperatures of the sca ice sheet at 90 G Hz and 50° incident a1 1-
gle: (a) the top panel is Ty, for horizontal polarization and (b) the bottom
pancl is Ty, for vertical polarization. Symbols are mcasured data and curves
arc piccewise quadratic fits for cachi diurnal hermal eycle. The fits exclude
dataal early growthstages of 41mm or less when the phase transit ion was

inhomogencous and complicated.

Figure 9 Observed diurnal cycles in horizontally polarized backscatter for all growth
stages with warming and cooling cycles shown inice surface temperature. For
backscatter, the filled circles arc at 25° incident angle and plusses arc at 300
incident angle. For temperature, the open circles are data taken with a digital
thermometer on sca ice surface near the scatterometer arca and crosses are

data obtained with thermistors on the ice surface at the far end of the GRIF




IMigure 10

Figure 11

Figure 12

Figure 13

pool.

Scattering configuration of the composite inhomogencous layered model for
& | )

diurnal backscatter from scaice.

Comparison of polarimetric backscatter data and model calculations as func-
tions of incident angle for the intermediate growth stage at 5.4-cin thick ice:
(a) The top pancl is for backscaticring coctlicients opp, Oyy, Ohe, and (b) the
middle panel for magnitude of complex correlation cocflicient p between hori-

zontal and vertical returns, and (¢) the bottom panel for phase of p.

Comparison of polarization signatures of scaice versus polarization orientation
and cllipticity angles at 400 incident angle for the intermediate growth stage
at 5.4-cm thick ice: (a) polarization signature from mncasured data and (b)

polarization signature from model results,

Comparisons Of mcasured and calculated backscat ter for all growth stages in
2 diurnal thermal cycles for incident angles at 25°, 30°, 357, 40°,45°, and 500
For mcasurcinents, squarcs represent o pp, triangles arc oy, and crosses arce
ony. For calculations, continuous, dashed, and dasl)-(lotted curves represent

Ohhy Oyu, @Nd Opy, respectively.
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Salt Type Chemnical Representation Mixing Portion (kg . m™3)

Sodium Chlroride NaCl 24.0
Maguesiuin Chlroride MgCly 3.27
Magncesium Sulfate MgSQO4 1.50
Calcium Sulfate Case, 1.10
IPotassiuim Sulfate K250 0.698
(Lilt.iull] Carbonate JaCQOs3 0.104

Table 1. Salt composition of sca water used in this experiment.




